R e e A T s L P

i et o 2 2 Pt ey 2

(ﬂ:ﬁ/% 2

”_- ARR No. L4C16

nKe

{Jﬂ_J RS

i s )
o
3.)

R
o4,

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

WARTIME REPORT

ORIGINALLY ISSUED

October 194L as
Advance Reéstricted Rsport LLC16

COMPRESSIBILITY FFFECTS ON HEAT THANSFER AND
PRESSURE TRCP 1IN SMOOTE CYLINDRICAL TUBLS

By Jack N, Nlaelse:u

Langzley Memorial Aeronauvtical shorstory
Langley Field, Va.

" MNACA

N oA O A LIRARY
LANGLEY LILMOIUIAL AVRONAUTICAL
LABORALORY
WASHINGTON Langley Field, Va,

NACA WARTIME REPORTS are reprints of papersoriginally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution.

L - 179




3 1176 01363 8896

NACA ARR Mo. ILC16
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s

ADVANCE PESTRICTED REPORT

CONPR=ESSIBILITY EFFECTS ON HEAT TRANSFER AND
PRESSURE DROP IN SMONOTH CYLINDRICAIL TUBES3
By Jack Ii. Nlelsen

SUTARY

An egnalyeis 1s made to simnlify nressure-drop calcu-
latloans for uncnadiabatic a1d adlabutic frictlon flow of
alr in swmooth cylindrical tiubees wlen the density changes
due to heat transcfer and orecsure dron are amrecisbls.
Solutions ol the syusticn of motion ars obtulned by the
use of Teynolds!' cnaloyy betwezn 1l cut transarer and skin
friction. ~harts of ihe solutions are prssentsd for
making pressure-rdrop culcul.*lornsi. A technlque of using
the chnrts to determ:n2 the »nosltion of ¢ normol shozx
In a ftuhe 13 described.

INTRODICTTON

The heat transfer end pressure dron for the Ilow of
ailr 1n smooth cyl'ndricul tuves may be calculeted wlth-
out difficulty only wnen the density changes that ac-
company the changnes of tempereture snd pressure are
rclatively smell. In the preseat »aper en attempt 1s
miade to snalyre flew witk lurge denclty changecz, such
ag occur st high Yuch numbars, in order to simplify the
calculation of such flow and tn provide & buslis for ths
correlaticn of data.

The analysls cdeoends on the wulldity of Rezmolds!
analogy between heat transfar and s7in friction, which
leads to the equality of the tecat-transfer and s¥in-
friction coefficlnuts. By merns cf thls simplificatlon
the equation of motlion can be solvzd for the nonadiabatic
case and the stagnation-tempersture varlation slong the
tube can then be obtained se a functlion of the Hach
number; the solution is given in the form of a chart.
Tne edigbatlr case, a 1limlting form of the nonadliabatic
case, 1s alsn analyzed in some detall and the solutinon
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for the pressure vuarlation 1s given in grephical form.
Some dlscusslon 1s Included of avalleble exrerirentsl
data (references 1 to 3) in order to evaluvate the =c-
sumptinne that sroe made herein and ths anplizacllity
of the soluticns.,

Pr

o)

"SYMINT.E

absolute temderatare, “F + LéD

distance in flcw dlireztinn, feet

distance nermendinulzr to flow direction, faat
velocity iIn Tlew dlrecticn, feet por szecord

veleoclty merocndicular ., flaw dircetina, isct per
ceconc

thermral cendactivit:-, —_— —_—
seccadse ¥ feet™ X -/fcat

mass density, rluzs ver cukic Toce

absclube viscasity,

1
gzecrnl3 » feck

Prardtl nurber [(aonut
at ronm toermnerature

TZ for lamirner {lcw of ailr
(;33/K,

Or

~—

stagrsblon te'meratime, + 116D
nondimrensional heat-tran-fer coefflnr’ens
rond-rensional rskln-riction =2neffl-alent

tuhe Alameter, fest

- i, @
ra3ds rats of flow scor unit sras, js"b—
faert™ X geconds

Reynolds nurber (D)

statlie nressure, Mourds ner sjucre foot
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R ges constant, foot-pounds (about 1716 for air);
slugs x °F
also tube radivs, feet
J mechanical equivalent of heat (778 foot-pounds per
Btu)
op svecliflc heat at constant v»ressure, Btu
slugs x °F
A ratlo of snmecific heats (taken as 1..0Ly for &ll
figures)
M Mach number

vﬁn.)

T, wall termerature, °F + |60

€ nordimensionzl terperaturs ratin (Tg/Ty)

r d*stsnce from tube axla, f=et

A tube cross-sectlonel ares, square fcat

T, tute length, feet

3¢ icentropnlzc mass flow 92¢er unit area 1n thiroat of

S i
sunersonlc nozzle, slugs

:L‘eeta v g=cnnds
X constant

Subscrlpts:

c tube center
o initial

1 before shozkt
2 after shock

8 stagnation

A single ber over a symdosl denotes an averaze wlth
respect 10 cross-sectionel aree; & double bar denotes
an average with respect to cross-sectlonal areas with
pa as welghting factor.
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REYNOTDS' ANALOGY

Reynolds' aralogy bstween heat transfer aad s¥%in
friction involves a simllarlity or veloclty and teracra-
turs fields. For steady low-8n3¢é flow of uvlr aliorn: o
flat pnlete, the velo:zity and temperature flelds ure
given by the simnlifiec boundary-laysr ejuatlona

8T AT _ kST
L= b V= m e
ox dy F2n 'c-rZ
ard
L2, 23 e o)
ex cy Fae

If the Prandtl nurter pnp/q 1z uniS; ord 10 the
plete 1g ai uvniform terpera*urz T,, the {7 - T,)-Iiseld
arg tre u-fil= ld £T9 :ir;lar, glice thelp diffcrential
ecuatlins Al Doundary condriinae sris thes ldentlczl.
For lamins™ flow oi a.- a8t ~rg’ar1y erneraturas the
valze of t:a2 Pranctl nrreosr isg a ;rov’mately 2.75. Tor
turbuiert flcvw, hcwvvnl, the ef“ociive velaes o7l
anéd ¥ are inzceessd Lesawse of e et turbulen
irterelreuw = -

F Fnt -ani rsat, r=a3mcctivels., ks
Prondtl o Lo

i terhvlaent ftow wlll vary somevhat
vith ~ofii¥a: h3cruds, €I v bavis o rix'ng-laenth
theory, tn: lroraeizs L thie effs ‘L_V3 veluiz of tne
trerm.l cow L otivity nid the vi3sc-~sin; dedwn & on ibhe

trrouient miying Isadth and thse velscsity sr-dl-at,

¥eagswre L ~iver 1 refevrcrn2a b oghow t-oh tha
tenner-iip~ s i Loty dpafilos In tle onrbulont
beaaduay Iaver viimyp o2 Flat vlets gt urifosr t: mora-

tvira are *1-_-;"11' rie srre zvren thwuegh U)o bordae -
cendlticni o1tz tameracnre ouw! velorily ™ol i were
net exectly id=anticzl do~inr th. rersuremstic, e
meesavrersats ladlcete tYel the ure ¢l &r aversgo FPraadtl
numpar cf unlty Jer o lvroolent 'oundtry lavcr slould
ot b" greatly In errnr, Tie mocsur munks i1n o for-
ence Y elso show 1hat the eifea* of Foveity ;radicrta on
the wveloclty profile may de negiacted 7t miCeratelry
srall temnerature differenzes.
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Reynolds' anclogy may be directly extended to low-
speed turbulent flow of -air in.tubes 1f the effects on
the veloclty profile of the pressure grediants due to
s¥iln friction and of the denslty gradients due to heat
trensfer may be dlsregarded. This assurptlon 1is
Justified by the good experinmental agZreenent of the
lov-8peed skin~frictlon and heat-transfer data ia refer-
ence 5 with Teynolds' anelogy.

The effect of comuressibili.y on the velocity pro-
file hes been measured by Frossel (rsference 2), who
concludes that for subsonic adiabatlcs flow of alr in
smooth cylindrizal tubes thc vslnclty vroflie iIs not
affected by comircsrlinllity. The effect oi comures-
8'bllity on tre temveruture »rof.le Wav be scen from
the folicwing dlfferantial e=cuatinn for two-dimensional
motion of a commrecsibls fluid in a Louandary layer:

e v AZ [ e\
2z o+ 2 :>== " ;‘2'/ > j)
N dcpJ p’L: C \ dC.Du

&

-
n
L

Bruation (2) 18 ~iven Ly no_dciz2ln 1n rofereice 6 el
attrioute? by W'im to Zureman (rafcrense 7). ‘or
Pr =1 &uand fcr asteady Flow,

o)
T AT 35T,
u—2 4y 2= J T T (%)
AOx 6.7 pc') al'hy

Compariscn of equations (1) erd (3) shows that for com-
nressible flow the (7, - T,)-fleld and the w-field are
girilar tor identicel ooundur' cmditions, -or conrres-
S1ble flcw Reynolds! anulogy thus ascatulutes tre simli-
larity of the stagnstion-tenperature and veloclty fields.
For Incomprescibls flow this cimllarlts radices to ithe
similarity of the (T - T,)-field and the u-f:eld.

ReTnolds' annlogy resul*s In en e juality of the
nondimenslional heat-translier snd st in-frictionn coe#fi-
cients, wkilch 1s thre basis for the subscquent enalysis.
The nondimensional -z0sefficlants ars glves by the
following eznressicns;
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L i 13 (L)

(‘54\}
[ 35
Op = — 2272 (5)

Fae

Tane slinale bar dsnotes an avarage with resnact to cross-
santional arcu, The hsat-trunsfer coefficiznt is Lhe
retic of the licat trensfer »cr unit arcea vser unit tins
at tre wall to the averagsc total e=werzy (relztive 1o
the ensrry waere T, = T,) of the Tluid flowing through
unit crocs-sectional arza per vnlt *tir=. Ths s¥in-
friction coafflcisut 13 tle rntis of tha shkesrina
stress at tk2 wall Yo the gverz e mrrentur of the

fluld flowing through unit crosc-gaclional erea ler
unit timn, The sirilaril; ol tle (T, - TS)-field

andl the u~fisid glves tie follcwlng relationshi:;

Ty = T) | (2)
I _\G /g

p‘ﬂ(Tw - TS) F-.id

Lo 3
0.‘-
~r

From ejuationas () te (4),
01_-.1:’:1-_-!

An erperirmertal verification ~I thiag relationshin far
incnripressible flow is gfven In reforerce © fram tu= data
of several lnvastigutors.

The valus of 6, vill vary with Feynnlds nurber,
roughness of tube wall, *ir.ch nurber, sktane of tube
entrunrce, ernd dlstaarne frem tube entrarce., For ediasbetic
flow In smooth tubas beynmd tha entrarce iersth in which
the velocsity profile 1 still ~henglng, Trossel in pefl-
ersnce 2 shows trat O 1g Inlependent of ilech nuwuber
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up to tkhe speed of sound and 1s given by the von X&rmen~
Niluradse relationship T B

—= = -0.8 + 2 1og Re BCp (7
V8eg

In computing the Reynnlds nurber for the flow in a tube,
the averege alr temperature may e used for eveluating
the viasccsity.

Preasure-dron and heat-1nss merasuremeats for Lot
alr flowing throuch a water-coolzd tube are reported
in rsfererce 1. Tnr subsontec f'lov, 1t was found thsat
Reynolds' analogy s ludepeudent ol Y“asch nurwer if the
nheat-transfer coelficierts ere calcvlated on the opesls
o’ the stegnsation temierat:»c gnd tist the velues of the
skin-friction coefficlaut ar:c in uccord with formmle (7).

Presesurc-droo &nd heet-loss massurcmenta for burned
o2l-air mixtures flowing th -uz.. a smoock watei-zo0led
tube at hlgh temperatires and veloclties ars givan in
rcfersnce o, The rearureminte are In ;~so0d saccord wilth
Peynolds’ analegy. It i= alsn shovn thant, ander tle
teﬂt conditions of ref-:rercn o, thp shin~frizstion ccef-
ficlents &sre givin by chc von grmin-. 1'uradse relation-
ship for inznripr2scible tlow {eguuiios (7).

NONADIABATIC IRICTIO% FLNY

The egquality nf tiie heat-transfer ari skin-friction
coeflfliclents glvon by Reynolds!' anelogy is uscd to reduce
the differential eyuvation of motion for compressible flow
In 8 smooth tute at uniform wall temperature from three
variables tn two varlables. Tha resulting = ijuatiorn is
anlved by the 1lsncline tecinlque to zive & chnart lor
making vnressure-iron calculati~ns. Partlcular attentlon
1s given to averaging the vaileblss 1In the following
derivatior and solutlion of tlin egquatlina of mollon:

The differentisl sgqunatlon of motlon for uniform
pressure at every cross section 1is

afp + o) + ¢ cu? dar = 0
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The varieble (u2 1s sliminuted by introducing the
aversgze squared Mach number

_— A
2 1 2
W =
7 Jﬂ M= dA

0
A
1 2
=%J L
[y f) ﬂ

Fal

r—p—
res2
i
——
-
L

T

wnlch glives
2 h e -
t + =C. k" Lx =1
dé: + 4zl ) Dchp\ x =90
or, irn diifsrcnt form,

(- + 1) d1lcer? + dlop 1= +
v

=

'CF i =0 (3)

t1

Tha term %GT 6x 1s revlasced with & nondimrensircnal tem-

perature ratlo by equseting the difforential haat transfer
from the wall to the dlffcrentirl st 5a¢r°d by the
fluld; that 1,

T —_— T
Cp Fulug - T5) °op¥D Ax = oy 1ﬁ—
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b ax =
3ogax = ——

c
“F ax (10)
N

The double har cdennies 2an &av: e with respezt to crnsa-
gectional srea v1ta (u 3 “m.ratnr fector., Introducing
the last eqial’iy of egqaation (:0) n equatlion (%) gives

l(——}_ +1) dlogp? +dlog #2 -dlon (E - 1) =0  (11)
2 2 !
\1t /

The last steo Ln taz derivition 18 to resluce Lag pa
with an erpressi-n *n € end 2. ™ith the 2i¢ of ihe
relaticaalil o=

k.
P = FRT € = —
Ty
( ¥ = 1 Vz) ue
T, = T{1 + 25— ¥ v =
s \ 2 43T
p2 is exnresased as
. . R
.pd - pd 2 X € (12)

u
T o2h Lzl '.22)
2

(_
= 2

The trersformatlon t- en a2xpression in & and L
denends on the ccensideratlons that the denslty snd
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veloclty profiles are given by the €- and M?-profiles,

slnce
- P
P RT
T=Tw El.
1 + ——¥
Z
end

u? = RIS

Thase consicderaticns, In zorjuaction with equuticns ()

- 5
end (1C), show that 7V and #~ denend only on the e-

erd Fz—profiles, s> lkat equatlon (lg) ray be written

m

pe = ¥

(13)

whers the constant ¥, close to urlty, ¢desnrds only on
the €- and Hz-profiles, or on € uand .-,
m.e coustant ¥ has Heen evcluated Tor thn nra-

sevanth power valoclty nrofile, vrica i1es charesteristic
of fully dsvcloned tavnuleat flowr, piven o7

1/7

u = U (l - %)
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and for the corresponding similer stagnation-temperature
profile, given by

-

l-e—(l-E)(- \1/7

The evaluatlon of ¥ Introduces no particular mathe-
matical difflicultles but 1a tedlous. Tne values are

Plotted in figure 1 agalnst ¥2 for several valugg
of €, TFrom figure 1 the variation of X with M

and € 1s seen to be second order omd will Le neglected.
The varlation of T from the valaos of figure 1 {for a
fully develoned velocity prorfile to & value »f unity for
a plane velocity profille 1= srmall; thereleore ¥ will
hereafter be teven crnstcrt st Lni+1. Takinzs ¥ con-
start 1s equlvelent to ascuming one-dimensinasl flow,

where € eond M2 are slprif:cent averases.

¥ith the simplificatioa trot ™ 13 constant,
equation (1%3) may be wriltten

2 —_— —
K G RT, = z -
log p2 = log " f ] ,_l:r.'d@. + X 5 L ?E):I

or, In differer.tial 10vm,

dlog p2 =dlogy € - dlog[x.‘[d <1 + '__;_1:’-—' (1h)

Finally, introducing equation (1l:) in egnuati>n (11)
glves the desired differential equation of moticn in

T end -ﬁz, which is

a3 T (5 - 1) - 1)

au2 Maé s A2 MZ) [,{,,2 £ 1+ % (5@ - 1)]

/

(15)
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Equation (15) may be regarded as a differential
form of tho equation of motlon when the cnndltiona of
Peynolds' analogy are fulfilled. Solutlons wers
ottaeined by the isoclins technique beceuse a closed
solution was not found. Tae resulting curves are shown
in figure 2. The lower famlly of curves, for €< 1,
corresponds to heating of the fluld; the unper family of
curves, for _€ > 1, corresponds to r'0:31 ing of the iluid
If © >1, € decreases along the tube;and, if T < 1,

€ Increasss along the tube. For subsonic ertrance
Yach nurbers, the local tVacsh rumver lucreasss with tube
length to the 1limitinz vealue of unity and, for su)ersonic
entrance Mach numbers, the local 'ach rquer decrease
with tube length to the llwiting valus of unity. In
order thrat a solution rass continususly tizrough a vach
nurber cf unity, the valuo of € would hava to increace
for the uvnper set of curves, for vhich ths fiuld is
already hotter thar the wal™, aad would have to decrsase
for the lower set of curves, for which the fluld 1s
alread; colder thsn the wall. Irnaswtuch as such changss
are contrary to the se2cni law of thermodynamlcs, tha
local Y&ach nurbar ray net nass 2ontinuously through
unity,

Tn figure 2 scme erxperimeninal date frow refer-
ernce 1 fre included for commarls~n wiltl. the theoretlicsl
curves, The tube-wall temnerature was nost uniforr for
the experimer.t; trerefore tlie data have been plotted for
two sepsarate 1ntearvais of tube length wlth tle tute-
wall tempareture over erzch intervel zonstaat at iis
average value. ‘'‘he agreeront batweea the thesratical
aréd experimental resual+s i3 close. 3moueth curves

instead of experirmental polinls are Ziven 1n fiplr" 2
because the exmerimental pnalnts In Fi, oures 3 end L oof
reference 1 are connected vy swdoth curves.

Tn order to make more accurate pressure-4Arny

calculations for reat cxchungers, n*a*r*vs af € =nlotted
1/2
greinat ey enlarged tromr Jigure 2 are glven in
figure 3(a) inr uubsoaf" kaating srad L fl,~.re 3fb) for
subsonic coolins. Tho zurves c- fleirc % vers ohtalined
by talkina %the cirves of fleure 2 as [irct apnroxiretlons.
Spezial sccuracy wes attainsd in the zurvss by adjlusting
them so that the integiel ol the slone ulong eacsh curve
between env two noints
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2

fl d(ﬁz)l/ 2 d&Z)l/z

as glven by sequation (15), equaled the difference in
ordinates between the two porlnts on the curve.

By equation (13), with ¥ constant,

1‘—1‘( 1+ ‘FE)

2 _ A
Eo

a ¥y -1

In order to simplify vressure-drop calculations, lires
of constant

(16)

1/2

mj]

‘;é(g +.1i%JL;§>

have bsen plotted in flgpure 3(a) and designated lines of
constant relative pressure. Tn making a »nrescurs-=Aroo
calculation, the value of thls expression for the flnal
condition is divided by the value for the inlitial con-
dition to give p/p,. A résumé of the nrocedurs follows.

The value of ?o for the 1lnltial point 1s found
from the values of the tube-wall temperature T, and
the initial stegnation tempersture Tg, which either

ere known or may be messurcd. The velue of ﬁf?)

for the init*al point 1s calculated from equation (1%)
for velues of G, T,, and mn,, which zlther are known

or may be measured. Ths values of €, and
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- 1/2
(ﬁo‘) locate the initiael point in flgure 3. The final
point 1s located by following the curve of the solutlon

= —5\1/2 =
through point ¢, (Mo ) to the final value of €.

This value of € 1s obtalned from an integration of equa-
tion (10) by assuming cH constant at its average value;
thus,

Lo TR

_ ~ -LCH
€ =1 + (to - l)e (17)

The values of CH for fully ceveloped turdulent flow in

smooth tubes, as-given by eguatisn (7), are plottsd in
figure L. For the entrance length of a tube in which the
velocity profile is changing, the value of (€, varles

along the tube and depsnds on the entrance soncitions,
which determine thne initiel velocity profile. If exueri-

mental values of €. for specific entrance conditioxs

are not available, the value of 6., glven by figure L

Fy]
may be used as ths avsrage value for the tube with the
interpretetion that this value will be sllghtly low.
Finally, for the Initlal and final polnts now located 1n
figure 3 the initial and final values of

- 1/2
G

- _

are determined with the help of the lines of constant
relative pressure, and the pressure ratto a/bh is
caleulated by equation (16)}.

As an example, suppose ti.e following vaiues are
known:



NACA A%RR No. ILCl6 15

€, = 0.50 Re = 107
' N L
¢ = 1.0 L = ¢o
D
T, = 760° F ebs. P, = 2070 1b/sq ft

Equation (13) glves

Noaé . x- 1?!‘0‘2)= 0.5 x(1)2 x 1716 x 760
2 1. Lol x (2070)2

ennd

f_Z\l/‘?'_ .-
(m,5, " = 2z25

If the avarage value of £, f[or the tube Is taicer Az

0.00225 from flzure L, the value of ¢ computed from
equation (17) 1is

-1.(2.20225) (60)

m]|
n
[ -
+
Pan

2.5 - 1)e

0.799

Followling the curve 1n figire 3 through the nelnt
0.%325, ©0.5C0 to € = 0.709 1locates tle noint
correspondiig to tube exlt.

= —1/2
(3
The values of 2 and

M 2(? + X - 1 M a\
0 2

°/

- 1/2

€
ié(é + JL:—l‘ié)
2 .

as given by the lines of constant
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relative pressure are 2.1). and 1.66, respeztively;
therefore

P = ]_'.'..6_6.
Po 2.1b
= 2.775

The statlc pnressure at tha znd of the tube is 77.5 par-
cent of the stat*c oressura at tie t-i1be entrance,
As treviously meniloned, the svsrage vilue of £,

for the tube is riizntly hi.ier tran the value gilven by
figure I becauss of tle undevelrmed flow in the

Fl”

entrance length: tlerarors, sllziitly larger values cof
and of pressuvre drosn thin the foregcihg mar be anticl-
nated. OCurves for conotans velaes of

are plotted In ficgure 5 cve» ths rengs ~f \E‘
for which an aczurats detsrmiration ls rot onsgsible
frer flgurs 3.

Jalculations ray b: mad~ for tudbez of normaalflerm
well terperature by porfornlug the calculat.on for
several intervals of the longth on ths assundtion that
the tubc-wall tammeratur: is uanorm at 1ts zverage
valus over euch Interval. The valldity of the preccding
analysfs for ¥ > 1 =y not be determlizted "mitil ergari-
mental data or: Bayroldr! gaanlogy <re aveilable four
surersonic Ilow,

ATIABLTTS FPTOILON WLO™

The vrecedla; egnalysls Tnr noradlabatics Iriztion
flow inclurdse edlabetia friatlon {low as = spsclal cazse.
Tihe egquatilion of motlon I'ecr %Yhe adiebz2tic cose 1s
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obtained from equation (15) by letting g = l. The as-

ﬂumpt*on thut € = 1 1s based an thse experimental ’
observation that for adlebatic flow of elr the tube
wall is vniformly at stegnaticn temperature. Further,
equation (3) for the stagnation-temperature fileld is
in acrord with this observation, since the narticular
solution

TS = [Ocnstant

correspords to no hLeat transfer.

The rzductlon of the e17eti-n of :rotlon (egun-~
tlon (15)) to the edl~weti~s caes pracseds &s follows:

Tirom equatisn (10),

—_——— T - 24 dx
L
(¢ - 1) D
Wher this axgregslion 11 intr-duecnd in e uetlsn (1),
trzetner witn, © = 1, tre rerulting eqnatinn 1s
—_— —
Lo, o2 (2 - 1) e
1‘ - & 1 -
At x{’-f; + -h— ="

s XL g5, 22 (15)
‘L"Y I'z 1 L = 1— . 2
: -3—2 o

The 1nterral 1s retecined in the solution bezansze @
may not always be assuwad uniform along the tube. The
variation of GF will subsauctly be diccu=scid.
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Equation (1L), the sslution of the ejuation of
motion for adlabatic Iriction flow, is shown in fig-

ures 6(a) and 6(b) for two subsoricrﬂngescf‘rod end

ir. figjure 6(c) for a supsrsonic range cf Moz. A8

figarce 6(b) end €(c) show, 8 particuler s»lution of

equation f1f) zorrespouds to a supersoniz velus of
—

2

fizures 4lifer only In tha liaes of constant psressure

retin, whickh will be dlscuassed.

M°2 s wall as to a subsonle 7alue nf . =. The=c

Tre 3o0lutions are gualitatively 1ik= thoss for

€ <1 in flgure z. Tcr subsoale values »f Tqa the

L
Jocal keca number inzieasss with tubs length to a
liriting valvs of unfiy, =uiid fo1r svoarsnal~ values

of 302 the locul  lackh nuarher decre.rfes with tuve
lengthh to the l.rdting valie of unity. A reul [low

ray not nass continunusly tl=cuaghk i? = 1 hecauass
b4
L (e
D
2

P dx 183 a mreximum for this condition.

Zefore figare 6 may te ussd, twe veriatioa of o_
vith Teynolas number, rouiir.ess of tube wu'l, iMack
numler, shoae of tubs cnhirance, ord 4l starze fron

tuvbe entrance sunuld be kaovn, TFrosazl's dats {(ref-
erenze 2) show that, for the rage cof rach numher lacs
tLan urnity, ths velosity onrofil. ray nct b2 fully
devaloved until T./9 = 346; and Weenan cnd Vevrann
(refererce ») fourd thet ¢, docreasad alnnz the tube
until T©/D was esbeout 3€. eyond th's entranca leoith,
CF may be ccnsidered constant, In fogure 7 ex)erl-

mental data, taven fr-m the rssalts of reference 3 for
flow bevo.udl the entrance ler;*th, are acrparcd vith the
theoretiscal solution of equstion (13), 0., Yelaz tak%en
censtunt 2t the velue given by ~quatior (7). The then-
retical solution is in go71 agrcermsnt with the experi-
mental data.
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The conclusinns of references 2 and 3 for the effsct
of compresslbility onm O ot supersonic speeds are not
in sgrsement. ©No effect of Mach numbar on £p was found

in reference 2 for tubes of T./D £ 25. Reference 3 found
a decrease in Cp with Yach mmber for tudbes of L/D < L6

on the basls of date taken bvejyond e effective riozzle-~
plpe T./D of about 35 bhccause of savere pressure fluctua-
tlons and posalble var'ation of veloclty profile in the
entrence lenagth. Turther ezper!'mznt may be necessary to
1snlets the ~ommreselbllity offect cnd entrance effect

on Cg icr superaonic Ilcw,

Zurves of constoent ore

L "
nlotted in fipvre o. The p
calculated fror ejuetisn (1

szurs ratio n/o_ haeve beea
ressura retlns have been
£), reduced to

In figures £{a) sxd €(b) thz line
grecsure retioa cre vagsed n.o Llae sudsun
gnd zre velid ~nly to i = 1 heer sz thie 1flor niny
hecn7e sujlersninic Loir avwus-nlae entra-ce .ngl nurrocrz,
1gure (= g | 23 0ol 2nic < g aunr D L

In 14 €(2) tre lire f :aiztant nressure retli re

based on tle supersonle velu: of Mql and rre valld for

tnhe ertlre range of I'ec™ inrnbe™. The curves of

figre 6/c) are elso valid in *he cuse ol normul snoc”
becaves tne assumotions of sjuction {1%) d» not wracludse
sh>c'.

£s a ranarical examnle *o lllustrsate nrssaurce-7rop
caleuletlong, nmorsider ' . = 2.2, Re = 105, ard
0.050225. Taking %n

T./D = €2. Trnn figurse L, Ca
ccastant for the tube &8s ir tht exanidle for ronadlabatle
flow gives

no



20 NiCi4i iTR Mo, T).I25

= 2.5L
From figurs 6(8), p/n, = 0.725: thus the static pressure
et the end of the tubs 1s 75.5 nsrcent of the static
pressure at the entrance of tha tibe.

-

For superzonlc entreanze ez numoCr's, gmull length
nf ranldly rfsing nrs:srure ruy sa2cur within tre tube if
the static pressure in trze recervolr Hekind the trbe
falls within 8 certsln reans:. e nretsurs dlsturtonce
cen ve formad by ithe sanerwofiti-n of & rnunher of pres-
sure dlsturhances crigiratluas in the Jdovnciresm flow
and traveline unctreur to a volnt whars thelr velocity
of oropegetion ls equal *t2 the girezm velozity. At this
point the Airturbrness wouid comn to rest and forr a
corarosclon chozk., Tau ros’tlon of the skrock in e trute
w*‘l very with tho siailic ressure 'n tre rerervoir.,
Flgurs 6 a7y te ased to deteriing ths pocitior ot e
nerral shoei with the hels »of thas followinr tlzeoretizal
relationshipy between thru laecl: nuvbsrs Lefore end after
the shnclk:

2
o 2+ :’l‘_(“f = 1—)
M2 = (27)

2942 - (4= 1)

The bars are cmitted from the forecpoin~ equation becase
the shape of the velozity »Hrofila in frort >0 and Lepln

a nressure disturbance is n»>t ¥ovn axd wvernges could
not o3 evaluated.

Equatlon (20) Las been nlotta? in fizurs J. Several
exverimental points from Frdrsel's reanlts si.ow goo4d
accord with the thcereticel curve. Ths Ilecl nurbers for
the experlmental »polnts heve becen comouted from I'réssal's
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date, plotted in terms of C—/Gt and p/py, Dby means of
the followlng relatlonship:

311
”~ 2 -
NZG + _'f_;_l M‘): (8/04) ( i l)*r (21)
. y

(n/pg)°

where Gy 1is the l1sentroplc mass flow »er unlt area in

the throst of ths sumersmenlec nozzle In front of the nine.
The nondimensional eguntion (21) wss ovtalned by intro-
ducing tre followIng exnressica for 3, in oquatlon (13):

A+l

. ) =1
Gta B A‘“s‘c\"
N\ + 1

The subscrivt s refers to tre 1r.itlal stasnation econ-

ditions of the flcw. Trésss3lts H>resgsiare measursm:nts

ware nnt madc sufiiclen*tly elos: togebther to detemrine

the nre-lse skapgz ~f the nrissure oistrilbution at tite

snock. Icor murolsceg of determline tha rolnts of i, -
”~ -

ure ¢, a shar, discont'nwity was ussurid to easlst.

An exarole to chow the mcthdd i'or detepinlng
graphlcally the vosition of the anrral 3b2c% 1s shiown
in fieure o(c). 7L & shock forms ut any polnt 1In tle
supers.nic reglon, ths ¢nd nairt >f ths chock mey ve
determined oy roving horlzontelly to tae subdsonle wrch
number gjvan by flgure o. Thc locus of such end “oluts

cnorresnonding to a glvan ialue of Kca form & shhck

line, whick is shown as a broken line in figure 6’c).
From the end nolnt of the shoick, the flow follows tle

T,/T
subsonie solution to tho velus of h.J[ Cp d(%) for
f)

the tubs exilt. the sxlt stztle prossur- is tnen given by
the llnecs of constant Hressur~ rati~. The paths of the
solutlion for two noritions of tre shok kre suowvn in
figure 6(c). Tt may be ceen that, us the ex't prsssurs
13 lowered, the shoc%w wmoves downstreem. {Lftor tha exit
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Figure 1.- Values of K from equation (13} for — -power
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Figure 3.- Isocline solution of equation (15) for air in
a tube at uniform wall temperature.
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